Introduction {#s1}
============

Non-invasive electromagnetic imaging techniques such as electroencephalography (EEG) and magnetoencephalography (MEG) are powerful tools for elucidating cortical activity with high temporal resolution. While the spatial resolution of EEG is limited because of the low current conductivity of the skull, MEG offers significantly higher spatial resolution, as magnetic fields are less distorted by tissues of the skull and scalp than electric fields. However, MEG does have some disadvantages. Unlike EEG---which is sensitive to both tangential and radial dipoles---MEG is insensitive to current dipoles that are radial to the skull, since radial dipoles do not contribute to the outer magnetic field detected by the coil. However, one previous study reported that MEG may allow for the visualization of activity from gyral sources with predominantly radial orientation, with the exception of thin strips at the crests of gyri (Hillebrand and Barnes, [@B34]). In addition, MEG is insensitive to dipoles in deep sources, as magnetic fields rapidly decrease with increasing depth.

Despite its disadvantages, MEG is especially useful for detecting activation of the sensorimotor cortex, which originates from the wall of the central sulcus (Brodmann areas \[BA\] 3b and 4), because of its ability to detect dipoles tangential to the head surface. Indeed, many MEG studies have investigated the cortical processes related to sensorimotor functions of the limbs in humans. Such studies have employed multiple analysis methods, including somatosensory evoked fields (SEFs), movement-related cortical fields (MRCFs), and frequency analyses using event-related desynchronization/event-related synchronization (ERD/ERS) and cortico-muscular coherence (CMC; Hari and Salmelin, [@B30], [@B31]; Hari and Salenius, [@B29]; Kakigi et al., [@B43]; Shibasaki and Hallett, [@B106]; Shibasaki, [@B105]; Cheyne, [@B9]).

Oral functions involving voluntary movements (e.g., speech) are mainly regulated by cortical control. However, research has revealed that some aspects of oral functions involving automatic movements (e.g., chewing, swallowing, respiration) are also under voluntary control (Martin and Sessle, [@B65]; Hamdy et al., [@B27],[@B28]; Martin-Harris, [@B67]; Matsuo and Palmer, [@B68]). Such findings suggest that the cortex plays critical roles in tongue movement, particularly when executing fine oral functions. The somatosensory sensations and movements of the tongue are exerted largely by the crossed and uncrossed fiber tracts that run through the ascending and descending pathways of both hemispheres. Several previous studies have indicated that the oral region is represented in the ipsilateral primary somatosensory cortex (S1; Ogawa et al., [@B84]; Manger et al., [@B63], [@B64]; Jain et al., [@B38]) and primary motor cortex (M1; Martin et al., [@B66]) in nonhuman primates. There is also evidence of ipsilateral oral representation in S1 and M1 in humans. Penfield and Rasmussen ([@B85]) reported that unilateral, direct cortical stimulation of the S1 and M1 cortices induced bilateral tongue sensation and movement in humans, respectively.

Anatomically, the sensorimotor functions of the human tongue are controlled by multiple cranial nerves (CNs; Sawczuk and Mosier, [@B102]; Zur et al., [@B118]; Mu and Sanders, [@B77]). Somatosensory innervation of the tongue is supplied by the lingual nerve (mandibular branch of the trigeminal nerve (CN V); anterior two thirds of the tongue), glossopharyngeal nerve (CN IX; posterior one-third of the tongue; Figure [1](#F1){ref-type="fig"}), and vagus nerve (posterior region of the tongue root; CN X). Deep sensations in the tongue muscle are transmitted by the hypoglossal nerve (CN XII). Motor innervation of the tongue is supplied by the hypoglossal nerve (CN XII), except for the platoglossus muscle, which is innervated by the vagus nerve (CN X).

![**Nerve maps of the whole tongue in the human adult using Sihler's stain.** Note that the hypoglossal nerve (Hypoglossal N.) and its branches are located between the lingual nerve (Lingual N.) and glossopharyngeal nerve (Glossopharyngeal N.) in the posterior tongue. Images modified with permission from Mu and Sanders ([@B77]).](fnhum-11-00134-g0001){#F1}

As the tongue region in humans has fine somatosensory sensation and can perform sophisticated movements, the area of the primary sensorimotor cortex that represents the tongue occupies a wide distribution relative to its actual size in the body (Penfield and Rasmussen, [@B85]). However, relatively few studies have examined the cortical mechanisms related to sensorimotor functions of the tongue using MEG, as it is difficult to measure MEG signals during tongue stimulation and movement without artifact contamination because of the short distance between the tongue and brain. However, some MEG studies have successfully recorded sensorimotor functions of the tongue using improved methods of tongue stimulation and movement tasks. In the present review, we provide a detailed overview of tongue sensorimotor processing in humans, based on the findings of MEG studies that have utilized multiple analysis methods, such as SEFs, MRCFs, ERD/ERS and CMC. In addition, we review the clinical applications of SEFs for patients with sensory disturbances of the tongue caused by damage to the lingual nerve.

The Physiology of Tongue Sensorimotor Processing {#s2}
================================================

Evoked Fields {#s2-1}
-------------

Following the development of the initial MEG-based recordings of evoked responses to somatosensory stimulation (Brenner et al., [@B4]; Kaufman et al., [@B47]; Hari et al., [@B33]) and voluntary movement (Deecke et al., [@B13]; Hari et al., [@B32]; Weinberg et al., [@B112]), SEFs and MRCFs have been utilized to examine sensorimotor processing in the upper and lower limbs in both clinical and research-based investigations. In this section, we review sensorimotor processing of the tongue region as visualized using SEFs and MRCFs.

### Somatosensory Evoked Fields (SEFs) {#s2-1-1}

Since the SEFs for electrical tongue stimulation were first reported in the early 1990s (Karhu et al., [@B45]), several tongue SEF studies have been conducted using electrical (Nakahara et al., [@B79]; Maezawa et al., [@B62]; Sakamoto et al., [@B93]) and mechanical stimulation (Nakamura et al., [@B80]; Yamashita et al., [@B116]; Disbrow et al., [@B14]; Tamura et al., [@B107]).

The initial component of tongue SEFs was observed over the bilateral hemispheres at 19 ms (Sakamoto et al., [@B93]) and 14 ms (Tamura et al., [@B107]), respectively, with an anterior current orientation. The middle-latency component of tongue SEFs was also identified over both hemispheres at a peak latency ranging from 25 ms to 80 ms, with a posterior current orientation (Figure [2](#F2){ref-type="fig"}; Karhu et al., [@B45]; Nakamura et al., [@B80]; Yamashita et al., [@B116]; Disbrow et al., [@B14]; Nakahara et al., [@B79]; Maezawa et al., [@B62], [@B55]). Further investigation revealed that the initial and middle-latency components of tongue SEFs derived from the bilateral S1---specifically, the posterior bank of the central sulcus---although contralateral dominance was observed (Tamura et al., [@B107]). This finding may have an anatomical basis, as the unilateral lingual nerve that innervates the anterior portion of the tongue projects to the bilateral BA3b via the trigeminothalamic tract, with contralateral dominance. While the middle-latency component of tongue SEFs is relatively easy to record because of its high amplitude, the amplitude of the initial component is substantially lower, rendering recording somewhat difficult. As such, the middle-latency component is often used as a reliable parameter in clinical situations (Figure [2](#F2){ref-type="fig"}; Maezawa et al., [@B62], [@B61]). The different current orientations of the initial and middle-latency components suggest that different cortical mechanisms may underlie these components, although further studies are required to elucidate the precise mechanisms underlying each tongue SEF component (Sakamoto et al., [@B95]).

![**Somatosensory evoked fields (SEFs) following electrical tongue stimulation using pin electrodes in a representative participant. (A)** A pair of pin electrodes was used to safely stimulate the tongue at a low intensity. The tip of the electrode measured 3 mm across. **(B)** \[1\] The whole-head SEF waveforms exhibited obvious responses in both hemispheres. The time window of each waveform was set from −50 ms to 300 ms with respect to stimulus onset. As shown in the expanded waveforms \[2, 3\], middle-latency components were detected over the contralateral and ipsilateral hemispheres. Note that artifacts induced by electrical stimulation were effectively reduced by the low stimulus intensity produced by the pin electrodes. **(C)** Equivalent current dipoles (ECDs) of each component (P25 m, P40 m, P60 m, P80 m) were superimposed on each participant's magnetic resonance and surface rendering images. All ECDs were positioned over the same area on the posterior bank of the central sulcus, which is thought to represent the location of the tongue region of the primary somatosensory cortex (S1). The direction of the line represents the negative pole of the ECDs. All ECDs were directed posteriorly in a similar manner. Images modified with permission from Maezawa et al. ([@B62]).](fnhum-11-00134-g0002){#F2}

Additional MEG studies have differentiated between responses generated in the tongue area of S1 and those generated in the secondary somatosensory cortex (S2), based on the latency of the SEFs and the direction of the source current (Karhu et al., [@B45]; Disbrow et al., [@B14]; Sakamoto et al., [@B94]). The response from the tongue area of S2 was detected at 80--110 ms after electrical stimulation, and the equivalent current dipoles (ECDs) of S2 were directed superiorly (Sakamoto et al., [@B94]). Such studies have indicated that the tongue area of S2 is located in the upper bank of the sylvian fissure, close to the hand area of S2 and significantly more anterior than the foot area of S2, suggesting that the tongue area of S2 occupies a small region with roughly somatotopic organization (Sakamoto et al., [@B94]).

### Movement-Related Cortical Fields (MRCFs) {#s2-1-2}

#### MRCFs associated with tongue protrusions {#s2-1-2-1}

Cheyne et al. ([@B8]) first reported that MRCFs over the left hemisphere were associated with repetitive tongue protrusions in a single participant using a 7-channel MEG system. A subsequent study by Nakasato et al. ([@B81]) demonstrated whole-head MRCFs for tongue protrusion in five healthy volunteers using a trigger signal, which was used to sense when the tip of the tongue had reached the anterior region of the palate. The authors successfully determined that the ECDs of the MRCFs were located in the tongue region of M1. However, because of inter-individual variability in the time delay between the trigger signal and the onset of tongue movement, the temporal resolution was insufficient, and the MRCF components that occurred before and after tongue movement could not be separated. Recently, we successfully demonstrated bilateral MRCFs both before and after voluntary self-paced tongue movement using a trigger signal based on tongue electromyogram (EMG) data. In accordance with the findings of finger MRCF studies, we detected three components in response to tongue movement: readiness fields (RFs), motor fields (MFs), and movement-evoked fields (MEFs; Figure [3](#F3){ref-type="fig"}; Maezawa et al., [@B58]). We observed slow, bilateral RF components prior to the onset of movement, and these components peaked in MFs near movement onset. These findings may be explained by the anatomical connections between the brain and tongue, as the unilateral hypoglossal nerve (CN XII) from each hemisphere projects to both sides of the tongue through the hypoglossal nuclei via the corticobulbar tract. Since the MF component appeared after the pre-movement RF component and originated from the bilateral M1, this suggests that the bilateral M1 is involved in the preparation and execution of tongue movements. In contrast, the MF component, which appeared after movement onset and originated from the bilateral S1, may reflect proprioceptive feedback from the tongue during tongue movement.

![**Movement-related cortical fields (MRCFs) associated with self-paced tongue protrusion in a representative participant. (A)** The whole-head magnetic waveforms of the MRCFs associated with tongue protrusion in one participant. The vertical lines represent the onset of tongue electromyography (EMG). The time window of each waveform was set from −3 s to 1 s with respect to EMG onset. MRCFs were detected over the sensorimotor areas in both hemispheres. The dotted circles indicate the waveforms with the maximum amplitude for each MRCF component (motor fields, MFs, \[1, 3\] and motor-evoked fields, MEFs, \[2, 4\]) in each hemisphere. **(B)** Enlarged magnetic waveforms from within the dashed circle in **(A)** and the rectified and averaged EMG signal of the tongue. A slow pre-movement component of the readiness fields (RFs) was observed bilaterally prior to movement onset (\[1\], left hemisphere; \[3\], right hemisphere) and culminated in the MFs just after movement onset. MEFs appeared bilaterally after movement onset (\[2\], left hemisphere; \[4\], right hemisphere). **(C)** Locations of the ECDs over the left hemisphere for the MF and MEF of the MRCF associated with tongue protrusion, and SEF by tongue stimulation using pin electrodes. The ECDs of the MF were positioned on the anterior bank of the central sulcus, which is thought to represent the primary motor cortex (M1). The ECDs of the MEF and SEF were positioned on the posterior bank of the central sulcus, which is thought to represent the S1. The direction of the line represents the negative pole of the ECDs. The MF ECDs were directed anteriorly, while the MEF and SEF ECDs were directed posteriorly. MEG, Magnetoencephalography. Images modified with permission from Maezawa et al. ([@B58]).](fnhum-11-00134-g0003){#F3}

Nagamine et al. ([@B78]) utilized simultaneous MEG and EEG recording during a unilateral finger movement task, observing differential scalp waveform distributions between MRCFs and movement-related cortical potentials (MRCPs). The authors also reported that the slow, pre-movement RF component detected by MEG (the late Bereitschaftspotential \[BP\] in EEG) appears much later than that detected by EEG (early BP) and occurs in the contralateral M1. These findings may be associated with the inherent difficulty in detecting dipoles with sources that are directed radially to the surface of the skull when using MEG, whereas EEG can record dipoles with both radially- and tangentially-directed sources. In contrast, the RF component can be detected by both MEG and EEG because of its tangential orientation. However, the early BP can only be detected by EEG owing to its bilateral radial orientation in the lateral premotor area (Shibasaki and Hallett, [@B106]). Indeed, in a previous study of seven patients with epilepsy, Ikeda et al. ([@B36]) performed invasive EEG recordings, reporting that the early BP began to appear over the lesioned hemisphere from 0.9 s to 1.6 s. However, future studies should compare each MRCF component to MRCPs associated with self-paced tongue protrusion, to more fully elucidate the precise cortical mechanisms underlying their generation.

#### MRCFs associated with speech and swallowing {#s2-1-2-2}

Based on the findings of previous studies that have investigated BP prior to speech onset (McAdam and Whitaker, [@B69]), several studies have observed that specific patterns of movement-related cortical activation are associated with speech production using EEG (Deecke et al., [@B12]; Wohlert, [@B114]), invasive EEG (Ikeda et al., [@B36]), and MEG (Gunji et al., [@B26]). Previous studies have reported that the topographic features of MRCPs/MRCFs associated with the vocalizations of single words were almost identical to those of MRCPs/MRCFs associated with simple tongue protrusions (Wohlert, [@B114]; Ikeda et al., [@B36]; Gunji et al., [@B26]). However, these results are in contrast with previous indications that the late BP (final 100 ms to speech onset) is significantly lateralized over the left hemisphere when analyzed using EEG (Deecke et al., [@B12]). Although the reason underlying this contrast remains uncertain, the differential results may be associated with differences among the vocalization task paradigms of the studies. MRCPs/MRCFs associated with vocalization are influenced by repetition as well as the number of syllables of the vocalization. In the vocalization task of Ikeda et al. ([@B36]), participants were asked to spontaneously utter single or various words, and to avoid unnecessary movement in the tongue and orofacial region during recording. In Gunji et al. ([@B26]), participants were instructed to repeatedly utter a specific vowel ("u") at a self-paced interval of approximately 5 s. This vowel was selected to minimize EMG activity from oral and tongue muscles required for pronunciation. Participants were also instructed to keep the tongue on the floor of the mouth to reduce artifacts associated with tongue movement. Wohlert ([@B114]) utilized either simple word vocalization (e.g., "pool") or non-speech oral movement tasks (e.g., lip pursing and lip rounding). In yet another study (Deecke et al., [@B12]), subjects were asked to utter words beginning with the letter "p" at an irregular interval between 4 s and 12 s. Further studies are required to determine whether the different parameters of these vocalization tasks account for differences in the hemispheric dominance of MRCPs/MRCFs across studies.

In addition, some researchers have utilized EEG to analyze MCRPs during swallowing (Huckabee et al., [@B35]; Satow et al., [@B101]). Satow et al. ([@B101]) noted that the post-movement potential was significantly larger during simple tongue protrusion than during swallowing, suggesting that the cortex may not be involved in the post-movement processing of swallowing signals.

Oscillatory Activity {#s2-2}
--------------------

Previous EEG studies in the human sensorimotor cortex have documented brain rhythm modulations associated with somatosensory stimulation (Jasper and Andrews, [@B40]), as well as those associated with voluntary, passive and imagined movements (Jasper and Penfield, [@B39]; Gastaut et al., [@B20]; Chatrian et al., [@B6]). Several MEG studies have also focused on the brain rhythms associated with sensorimotor functions in the limbs and, more recently, in the tongue. Although the precise mechanisms underlying such brain rhythms remain to be determined (Engel and Fries, [@B16]; van Wijk et al., [@B110]), this section presents the current knowledge and theories regarding the mechanisms of tongue sensorimotor processing, based on the findings of studies that utilized the following frequency analyses: (1) ERD/ERS associated with tongue stimulation and movement; and (2) CMC during sustained tongue protrusion.

### Event-Related Desynchronization/Event-Related Synchronization (ERD/ERS) {#s2-2-1}

#### ERD/ERS associated with movements of the upper limb {#s2-2-1-1}

Pfurtscheller and colleagues investigated changes in the oscillatory power of specific frequency bands (e.g., alpha (α) and beta (β) bands) associated with somatosensory stimulation and voluntary movement. The authors reported that event- or task-induced decreases in ERD represented increased cortical activation of the sensorimotor cortex, while similar increases in ERS reflected a recovery of decreased cortical activation (Pfurtscheller and Aranibar, [@B86]; Pfurtscheller and Lopes da Silva, [@B87]). Alternatively, several recent reports have suggested that ERS is a signature of active stabilization processes in the sensorimotor cortex (Caetano et al., [@B5]), whereby external input and activation by new movements are blocked (Gilbertson et al., [@B23]). More recently, oscillatory activity in the β frequency band has been associated with the maintenance of the current sensorimotor state (Engel and Fries, [@B16]). Little and Brown ([@B52]) further suggested that β-band activity is causally and quantitatively critical for motor impairment in Parkinson's disease.

Most MEG studies on electrical stimulation-induced ERD/ERS have focused on the upper limbs (Salmelin and Hari, [@B98],[@B99]; Salenius et al., [@B96]). However, in these studies, the stimulus intensity was above the motor threshold, which may have led to proprioceptive feedback effects from the muscles or joints. Thus, whether the ERD/ERS was induced by "pure" cutaneous stimulation without the effects of proprioception remained unclear. My laboratory recently reported that ERD/ERS at 20 Hz in the β frequency band (β-ERD/ERS) was observed in the sensorimotor cortex bilaterally following tongue and hard palate stimulation, respectively, at rest (Figure [4](#F4){ref-type="fig"}; Maezawa et al., [@B59]) using temporal spectral evolution (TSE) analysis (Salmelin and Hari, [@B98]; Hari and Salenius, [@B29]). In the TSE analysis, the continuous magnetic signals were filtered at 18--23 Hz and rectified, following which the rectified MEG signals were averaged to the stimulation. Cutaneous stimulation can be applied to the hard palate without the effects of proprioception, as this region lacks muscle and joint receptors. Therefore, the detection of β-ERD/ERS for the hard palate suggests that these ERD/ERS signals were induced by pure cutaneous stimulation. In contrast, when stimulating the tongue, the effects of proprioception from the tongue cannot be excluded, as this region is rich in muscle spindles. Furthermore, the β-ERD/ERS signals for both the hard palate and tongue were inhibited during tongue movement, suggesting that---although the stimulation and movement regions differed---movement may have modulated the stimulus-induced functional state of the sensorimotor cortex.

![**Event-related desynchronization/event-related synchronization (ERD/ERS) associated with electrical tongue stimulation using pin electrodes in a representative participant. (A)** The continuous magnetic signal was bandpass filtered at 18--23 Hz from a channel in the contralateral (left) hemisphere during electrical stimulation of the tongue and hard palate on the right side. The timing of stimulation is marked with vertical dashed lines. Bursts of 20 Hz oscillation appeared for both the tongue (\[1\]a) and hard palate (\[2\]a) during rest, but disappeared during repetitive tongue movement for both regions (\[1\]b, \[2\]b). Rest, during the rest period; Move, during the repetitive tongue movement. **(B)** \[1\] The whole-head waveforms of ERD/ERS at 20 Hz induced by tongue stimulation of the right side in one participant. The ERD/ERS were evaluated using the temporal spectral evolution (TSE) method reported by Salmelin and Hari ([@B98]) and Hari and Salenius ([@B29]). Using the TSE method, the continuous magnetic signals were filtered at 18--23 Hz and rectified. The rectified MEG signals were averaged to the stimulation and smoothed with a 10-Hz low-pass filter. The top view shows obvious responses in both hemispheres. The time window of each waveform was set from −200 ms to 1500 ms with respect to stimulus onset. ERS and ERD were identified in the contralateral (\[2\]) and ipsilateral (\[3\]) hemispheres during rest (indicated by filled arrowheads \[ERS\] and outlined arrowheads \[ERD\]).**(C)** ERD/ERS at 20-Hz during the rest and move conditions for the tongue and hard palate over the contralateral hemisphere in one participant. The waveforms obtained during rest and tongue movement are indicated by the solid and dashed lines, respectively. Each waveform was obtained from 200 ms before stimulation onset to 1500 ms after stimulation onset. ERS was detected for both regions (tongue and hard palate) during rest, but was obviously suppressed during tongue movement. Images modified with permission from Maezawa et al. ([@B59]).](fnhum-11-00134-g0004){#F4}

Recent reports using transcranial alternating-current stimulation have noted that enhanced cortical activity at 20 Hz impairs the performance of new movements in the hands, suggesting that cortical activity in the β frequency band may play a critical role in motor behaviors (Pogosyan et al., [@B89]; Joundi et al., [@B42]). Given these results, sensorimotor functions of the oral area including the tongue may be finely regulated by oscillatory activity in the β frequency band.

ERD/ERS exhibit temporospatial patterns that differ from those of MRCPs/MRCFs associated with finger movements. In the α frequency band, bilateral ERD begins as early as 2--3 s prior to voluntary movements. In the β frequency band, bilateral ERD appears later and exhibits contralateral dominance (Nagamine et al., [@B78]; Shibasaki and Hallett, [@B106]). Following the termination of movement, the slow ERD suddenly terminates as well. However, strong ERS begins in the β frequency band 400--500 ms after the onset of movement (Nagamine et al., [@B78]). The different temporospatial patterns between ERD/ERS and MRCPs/MRCFs during finger movements suggest that ERD/ERS and MRCPs/MRCFs reflect different underlying generators and functional roles for the preparation and control of finger movement. Rektor et al. ([@B90]) reported that BP is closely related to the direct execution of movement, while ERD/ERS more broadly reflects the cognitive aspects of motor execution (e.g., memory, time interval estimation, executive functions and attention).

#### ERD/ERS associated with simple tongue protrusions, speech and swallowing {#s2-2-1-2}

Several previous studies have investigated ERD/ERS associated with tongue movement using invasive EEG recordings (Crone et al., [@B11]; Miller et al., [@B72]). Crone et al. ([@B11]) investigated the generation of ERD at 15--25 Hz, revealing a somatotopic representation among the tongue, arm and foot. However, since little is known regarding the cortical mechanisms underlying tongue movement-related ERD/ERS measured via non-invasive MEG, more information can be obtained by comparing the spatiotemporal patterns of ERD/ERS to those of MRCFs.

Salmelin and Sams ([@B100]) investigated ERD/ERS associated with tongue and lip movement during verbal and non-verbal tasks at 20 Hz using MEG. The authors observed ERD/ERS over the hand and oral regions of the bilateral sensorimotor cortex in both types of task. Although no significant differences in ERD of the oral regions were observed between the verbal and non-verbal tasks, ERS was significantly lateralized over the left hemisphere during verbal tasks only. Moreover, ERD of the hand regions was detected during the non-verbal task but was diminished during the verbal task. The authors concluded that the cortical processing differences between the oral and hand areas were more clearly distinguished for the verbal movement task than they were for the non-verbal movement task. Moreover, Gunji et al. ([@B25]) reported that the α-ERD observed during singing was more remarkable in the right sensorimotor cortex relative to that for other vocalization conditions (speaking and humming), suggesting the hemispheric dominance of the regions of the sensorimotor cortex associated with melody generation and motor control during singing.

Swallowing is mainly controlled by two central regions: the brainstem (Jean, [@B41]) and cerebral cortex (Martin and Sessle, [@B65]; Hamdy et al., [@B27],[@B28]). Dziewas et al. ([@B15]) reported that β-ERD was strongly dominant in the left sensorimotor cortex during volitional water swallowing, less strongly dominant during reflexive water swallowing, and non-dominant during simple tongue movement using MEG combined with synthetic aperture magnetometry analysis. These results suggest that hemispheric lateralization related to swallowing may be influenced by the complexity of movement execution. In a study involving MEG combined with synthetic aperture magnetometry, Furlong et al. ([@B18]) reported that changes in oscillatory power occurred in similar regions during swallowing and simple tongue movements. In another study, researchers obtained extracellular recordings from single neurons following intracortical microstimulation in monkeys, revealing that many neurons in the region of the tongue M1 associated with swallowing have orofacial mechanoreceptive fields (Martin et al., [@B66]). These findings suggest that afferent sensory feedback from the tongue may strongly contribute to the regulation of swallowing. Given that ERD/ERS associated with movement is less affected by artifacts caused by oral movements than phase-locked evoked responses (e.g., MRCFs; Salmelin, [@B97]), future studies should investigate ERD/ERS associated with tongue movements executed during oral functions such as speech production and swallowing.

### Cortico-Muscular Coherence (CMC) {#s2-2-2}

As previously mentioned, MRCFs have been detected over both hemispheres during self-paced tongue protrusion ("MRCFs Associated with Tongue Protrusions" Section), suggesting that both hemispheres contribute to tongue protrusion in humans. However, MRCF data are unable to reveal the pattern of dominance for functional connections between each side of the tongue and each hemisphere, as it is impossible to protrude the tongue forward using each side of the tongue separately due to the anatomical reasons, since the tongue is located along the midline of the human body. In contrast, it is easy to move fingers on each side of the hand separately. Research has suggested that CMC analyses are effective for the evaluation of functional connections between each hemisphere of the sensorimotor cortex and each side of the target peripheral muscles during sustained muscle contraction (Mima and Hallett, [@B73]). Recently, we detected significant, contralateral-dominant CMC in the β frequency band (β-CMC) over both hemispheres for each side of the tongue during isometric forward tongue protrusion (Figure [5](#F5){ref-type="fig"}; Maezawa et al., [@B56]). These results suggest that the functional connection is stronger over the contralateral hemisphere for either side of the tongue during isometric tongue protrusion. These findings are in contrast with those for simultaneous isometric finger contractions on both sides, where β-CMC was only detected in the contralateral hemisphere for each side of the finger. Furthermore, the amplitude of β-CMC in the contralateral hemisphere was larger than that in the ipsilateral hemisphere for each side of the tongue. These findings are consistent with the results of transcranial magnetic stimulation studies, in which stimulation elicited motor-evoked potentials in both sides of the tongue. Such studies have also reported that the motor-evoked potential amplitudes of the contralateral side are greater than those of the ipsilateral side (Meyer et al., [@B71]; Ghezzi and Baldini, [@B22]; Rödel et al., [@B91]). These results may reflect contralateral dominance in the functional connections between each side of the tongue and each hemisphere during isometric tongue protrusion in humans.

![**Cortico-muscular coherence (CMC) during sustained tongue protrusion in a representative participant. (A)** Waveforms of tongue CMC during sustained tongue protrusion. Welch's method was used to calculate β-CMC, with a frequency resolution of 1 Hz and non-overlapping samples. \[1\] The whole-head CMC waveforms display obvious peaks in both hemispheres with contralateral (left) dominance. Each trace shows data from 0 Hz to 45 Hz. The 99% significance level is indicated by the horizontal gray line in each column. \[2--4\] Enlarged traces from the ovals in \[1\] represent the two peaks observed in the maximum amplitude channels over the contralateral \[2, 3\] and ipsilateral \[4\] hemispheres. The β-CMC peaks were detected at 23 Hz over the contralateral hemisphere \[2\] and at 25 Hz over the ipsilateral hemisphere \[4\]. CMC at the low frequency band (low-CMC) peaked at 10 Hz \[3\] over the contralateral hemisphere and at 3 Hz \[4\] over the ipsilateral hemisphere. **(B)** Cross-correlogram of the β-CMC, low-CMC, and SEF waveforms over the contralateral (left) hemisphere for the right side of the tongue in one participant. Welch's method was used to calculate the low-CMC, with a frequency resolution of 0.5 Hz and half-overlapping samples. \[1\] Cross-correlogram of low-CMC. The time window was set from −500 ms to 500 ms with respect to electromyography (EMG) onset. The time of zero lag is indicated by the vertical line. The largest MEG signal peak was detected at 69 ms after EMG onset. \[2\] Cross-correlogram of β-CMC. The time window was set from −100 ms to 100 ms with respect to electromyography (EMG) onset. The largest MEG signal peak was detected 8 ms prior to EMG onset. \[3\] Tongue SEFs obtained using pin electrodes (see Figure [2](#F2){ref-type="fig"}). The time window was set from −50 ms to 500 ms with respect to stimulus onset. The largest peak was detected 71 ms after stimulation onset. **(C)** ECD locations over the left hemisphere for the CMC and SEFs in one participant. The ECDs of the low-CMC and SEFs were positioned on the posterior bank of the central sulcus. The ECDs of the β-CMC were positioned on the anterior bank of the central sulcus. **(D)** The bar graph shows the mean amplitude of β-CMC for the tongue (mean ± standard error of the mean). Dashed lines represent the level of 99% statistical significance with the confidence limit. The β-CMC was significantly larger over the contralateral hemisphere than it was over the ipsilateral hemisphere for both sides of the tongue. \**P* \< 0.05; Con, Contralateral hemisphere; Ipsi, Ipsilateral hemisphere. Images modified with permission from Maezawa et al. ([@B57]). Graph reproduced with permission from Maezawa et al. ([@B56]).](fnhum-11-00134-g0005){#F5}

Additionally, CMC within the low-frequency band (low-CMC; 2--10 Hz) was consistently detected in subjects of our previous studies (Figure [5](#F5){ref-type="fig"}; Maezawa et al., [@B56], [@B57]), even though low-CMC was not consistently observed during finger contraction in earlier studies (Conway et al., [@B10]; Mima and Hallett, [@B73]). Time-domain analyses revealed that the MEG signal followed the EMG signal for low-CMC, but preceded the EMG signal for β-CMC. Moreover, the current sources of low-CMC were localized to the tongue region of S1, suggesting that low-CMC primarily reflects afferent feedback from the tongue to the cortex. However, this assumption is in direct contrast with the hypothesis that β-CMC mainly reflects efferent motor commands from the cortex to the tongue. Such bidirectional oscillatory information flow at two different frequency bands between the cortex and tongue may be critical for sophisticated tongue movement. Indeed, low-CMC may reflect activity within a sensorimotor feedback loop consisting of an M1-muscle-S1-M1 network (Figure [6](#F6){ref-type="fig"}; Maezawa, [@B54]).

![**Proposed pattern of CMC within the low-frequency band (low-CMC) during isometric tongue protrusion.** Low-CMC may mainly reflect proprioceptive feedback from the tongue muscles to the S1. This proposed feedback loop constitutes an M1-muscle-S1-M1 network, in contrast to the current hypothesis that CMC at the β band primarily reflects motor commands issued by the M1 to the tongue muscles. M1, primary motor cortex; S1, primary somatosensory cortex, Low-CMC, cortico-muscular coherence within the low-frequency band. Images modified with permission from Maezawa ([@B54]).](fnhum-11-00134-g0006){#F6}

In a recent MEG study by Ruspantini et al. ([@B92]), CMC was detected between the sensorimotor cortex and orbicularis oris muscle in the low frequency band of speech rhythmicity (2--3 Hz) during speech production, suggesting that oscillatory activation related to proprioception from the oral regions may be important for executing orofacial movements during spoken language. Furthermore, partial directed coherence (PDC) analyses can be applied to determine the direction of cortico-muscular connectivity (Schelter et al., [@B103]; Faes and Nollo, [@B17]). An MEG study using PDC analysis of accelerometer data revealed that cortico-kinematic coherence at the low frequency band mainly reflects proprioceptive feedback from the muscle spindles to SM1 during repetitive finger movements (Bourguignon et al., [@B3]). Such findings support the notion that PDC analyses are useful for revealing the precise direction of information flow between the cortex and tongue for low-CMC.

Clinical Applications {#s3}
=====================

In addition to its research-based application, MEG is also useful for the evaluation of sensorimotor function in clinical settings. In such settings, MEG is most commonly used to record SEFs following median nerve stimulation, which aids in the assessment of abnormal S1 function in patients with cerebrovascular diseases (Maclin et al., [@B53]; Wikström et al., [@B113]), cortical reflex myoclonus (Uesaka et al., [@B109], [@B108]; Karhu et al., [@B46]; Mima et al., [@B74]), and polymicrogyria (Ishitobi et al., [@B37]). In this section, we introduce the clinical utility of performing SEF recordings during tongue stimulation for the assessment sensory abnormalities of the tongue caused by lingual nerve damage.

Lingual nerve injury can occur during diverse interventions in the oral area, including third molar extraction, dental implant operation, root canal procedure, mandibular cyst removal, and local anesthetic injection. For example, the incidence of lingual injury during third molar extraction has been reported between 0.06%--10% (Kim et al., [@B49]). Indeed, sensory impairment of the tongue due to lingual nerve injury is a rare complication, although such injuries can sometimes result in speech disorders and eating difficulties, leading to a significant reduction in a patient's quality of life. However, most clinicians employ subjective methods, including the von Frey test and two-point discrimination test, when assessing tongue sensory disturbances, while objective evaluation methods remain to established. Previously, we demonstrated that tongue SEFs have the potential to be an effective and objective parameter for detecting sensory abnormalities of the unilateral side of the tongue (Maezawa et al., [@B61]). Since intra-participant similarities in SEF waveforms have been detected between the right and left sides of the tongue in healthy volunteers (Maezawa et al., [@B62]), we utilized the unaffected side of the tongue as a control to evaluate tongue sensory disturbances. Such analysis allowed us to successfully estimate the degree of unilateral sensory disturbance in the tongue of each patient, using a laterality index for tongue SEFs between the affected and unaffected sides (Figure [7](#F7){ref-type="fig"}). Moreover, we recently reported two cases in which tongue SEFs were useful for evaluating sensory recovery, further supporting the notion that SEFs can be utilized for objective follow-up assessment (Maezawa et al., [@B60]). Both patients recovered tongue sensation following surgery on the injured lingual nerve, as stimulation of the affected side---which had failed to evoke obvious cortical activity before surgery---exhibited clear cortical activity in both patients following surgery (Figure [7](#F7){ref-type="fig"}). Similarly, Yamashita et al. ([@B116]) recorded SEFs during tactile tongue stimulation in three patients who underwent flap reconstruction for tongue carcinoma. The authors demonstrated that the patients recovered flap sensation following surgery, as SEFs were detected at a peak latency of between 20 ms and 40 ms following the edge of tongue stimulation both on the reconstructed side and on the unaffected side. These findings illustrate that SEFs provide objective evidence of tongue somatosensory impairments, and as such, are a useful method for evaluating tongue sensory disturbances in clinical situations.

![**SEFs elicited by tongue stimulation using pin electrodes in patients with tongue sensory disturbances. (A)** Tongue SEF waveforms in a patient with unilateral sensory disturbances of the tongue caused by oral surgery-induced lingual nerve injury. The same stimulation intensity was applied for both sides of the tongue at four times the sensory threshold in the unaffected side. The whole-head SEF waveforms following unaffected-side (right-side) (\[1\](a)) and affected-side (left-side) stimulation (\[2\](a)). The time window of each waveform was set from −50 ms to 300 ms with respect to stimulus onset. Obvious responses were observed over the contralateral hemisphere during unaffected-side (right-side) stimulation (\[1\] (b)), though no responses were detected during affected-side (left-side) stimulation (\[2\] (b)). To evaluate cortical activity using an objective parameter, we calculated the activated root-mean-square (aRMS) using spatial and temporal summation, which utilizes the time-averaged activity (between 10 and 150 ms) obtained from 18-channel RMS over the contralateral hemisphere (unaffected side: \[1(C)\], affected side: \[2(C)\]). The time points of 10 ms and 150 ms are indicated by the two dashed lines, respectively.**(B)** SEFs were measured prior to and following surgery in two patients who exhibited recovery from sensory impairments following oral surgery for repair of an injured lingual nerve. Subsequent evaluation revealed that sensory function improved by two score levels (British Medical Research Council \[BMRC\] criteria) in Patient 1 and by three levels in Patient 2. The 18-channel RMS waveforms evoked by stimulation of the affected side were observed before and after surgery in both patients (Patient 1, \[1\], Patient 2, \[2\]). The vertical scales are 35 fT/cm and 25 fT/cm, respectively. The SEF amplitude after the sensory recovery was obviously larger than that before sensory recovery in both patients. An objective parameter, referred to as the laterality index, which was calculated from the RMS amplitude between the affected and unaffected side (details described in our previous studies Maezawa et al., [@B62], [@B61]), was out of the normal range in both patients before sensory recovery but was within the normal range after sensory recovery. The normal range was set to the average ±3 standard deviations of the laterality index from 10 healthy volunteers. Images modified with permission from Maezawa et al. ([@B60]).](fnhum-11-00134-g0007){#F7}

In the future, it will be important to focus on movement disorders of the tongue, including dystonia and dyskinesia, as well as on tongue sensory abnormalities. For example, functional connectivity analyses using CMC may help to reveal the pathophysiological cortical mechanisms underlying tongue dystonia and dyskinesia. Obtaining CMC recordings during weak sustained protrusion of the tongue muscle may be particularly useful for patients with movement disorders, since this type of movement task is relatively easy for these patients, who may have difficulty performing repetitive, self-paced movement tasks during MRCFs measurement.

Conclusions and Future Directions {#s4}
=================================

The present review focused on the current understanding of tongue sensorimotor functions, as elucidated by MEG analyses over the past three decades. Research in this field is also being performed by combining MEG and EEG, or by using functional magnetic resonance imaging and positron emission tomography, which are advantageous owing to their high spatial resolutions (Shibasaki, [@B104]). Such multi-modal imaging studies may allow both researchers and clinicians to obtain a greater amount of spatiotemporal information.

Future studies should address the difficulty in obtaining MEG data for orofacial regions due to contamination artifacts induced by stimulation and/or muscle activity. For example, it is sometimes difficult to discriminate cortical responses from stimulus-induced artifacts when evaluating SEFs. To overcome this issue, Maezawa et al. ([@B62]) delivered stimuli to the tongue with low intensity using pin electrodes, successfully reducing the number of stimulus-induced artifacts. Sakamoto et al. ([@B93]) recorded EMG signals from the anterior suprahyoid muscle to distinguish cortical activity from stimulation-induced artifacts related to tongue EMG activity. Additional studies have indicated that mechanical stimulation is also useful for stimulating the oral region, thereby eliminating the influence of electrical artifacts. Such methods include air puff stimulation using compressed nitrogen (Yoshida et al., [@B117]) and stimulation using a piezo-driven tactile stimulation device (Tamura et al., [@B107]). In addition, tongue movement tasks may induce activity in other facial muscles, such as the temporal and masseter muscles, during the measurement of MRCFs and CMC. In such cases, confirming the inactivity of the temporal and/or masseter muscles via simultaneous EMG recording during tongue movement tasks may be useful.

Recent developments in the field of brain-machine interfaces (BMI) have shown promise for the investigation of tongue motor functions in humans. BMI refers to a computer-based system that can decode motor commands from cortical signals and use them to control external devices to perform a desired action. The high temporal resolution of MEG has enabled some researchers to successfully predict the movement trajectories of the hand from cortical activity in real time (Georgopoulos et al., [@B21]), as well as the direction of small hand movements from single-trial recordings (Waldert et al., [@B111]). Other reports have utilized imaging techniques such as functional magnetic resonance imaging (Kamitani and Tong, [@B44]; Kay et al., [@B48]; Mitchell et al., [@B75]; Miyawaki et al., [@B76]), EEG (Birbaumer et al., [@B1]; Wolpaw and McFarland, [@B115]; Pfurtscheller and Neuper, [@B88]; Blankertz et al., [@B2]), and invasive-EEG (Leuthardt et al., [@B51]; Mehring et al., [@B70]) to predict human brain activity. Decoding the motor processing of the tongue region may be helpful for improving motor dysfunctions of the tongue in patients with dysphagia or speech movement disorders. For example, changes in the oscillatory power of the α and β bands in the sensorimotor cortex can be used to operate a BMI system, since ERD/ERS can be modulated by motor imagery as well as actual motor movements. Indeed, recent studies have revealed that ERD/ERS is induced by tongue stimulation, and that stimulus-induced ERD/ERS is modulated by tongue movement in most healthy participants (Maezawa et al., [@B59]). Furthermore, this pattern of modulation is similar to that observed for upper limb regions (Pfurtscheller and Aranibar, [@B86]; Pfurtscheller and Lopes da Silva, [@B87]).

Another research area that has gained increased attention in recent years is the maturation of tongue sensorimotor systems from the neonatal to adolescent stage. In a previous study, Gaetz et al. ([@B19]) recorded visually cued ERD/ERS associated with finger movement in both children (4--6 years old) and adolescents (11--13 years old). They then compared their findings with ERD/ERS data from adults, noting that the post-movement β-ERS in children was significantly decreased compared to that in adults and adolescents. The authors concluded that these findings may indicate that children exhibit decreased motor cortical inhibition relative to adolescents and adults. In addition, Cheyne et al. ([@B7]) reported that the transition between immature and adult-like cortical responses associated with motor tasks occurs between 3--5 and 8 years old, as preschool children under 5 years old exhibited significantly different patterns of MRCFs associated with self-initiated index finger movement in comparison to older children and adults.

Some recent studies have also investigated aspects of somatosensory cortical development using MEG (Lauronen et al., [@B50]; Nevalainen et al., [@B83], [@B82]) by recording stable SEFs following tactile stimulation of the finger in healthy newborns. The authors of these studies reported successful discrimination of cortical activity derived from S1 and S2, suggesting that the distinct patterns of somatosensory processing in both S1 and S2 in newborns relative to those of adults are a direct consequence of cortical immaturity. For example, activity from S2 was prominent during quiet sleep in neonates, in contrast to the diminished or absent S2 activity observed during non-REM sleep in adults. During the acquisition of oral functions, such as feeding and swallowing, it is important for children to preserve energy for growth. Therefore, studies examining developmental alterations in sensorimotor processing of the tongue may provide novel insight into the normal development of tongue sensorimotor processing. However, the limitations of MEG analyses in children (especially newborns) should be considered (Nevalainen et al., [@B82]). The most challenging of these problems to overcome is the inability to hold the child's head in a stable position during MEG recording, as the sensor helmet is designed for use in adults. Furthermore, it is often difficult to instruct young children to hold their heads still during recording.
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BA

:   Brodmann area

BMI

:   brain-machine interfaces

BP

:   Bereitschaftspotential

CMC

:   cortico-muscular coherence

CN

:   cranial nerve
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:   movement-related cortical potentials

RF

:   readiness field

S1

:   primary somatosensory cortex

S2

:   secondary somatosensory cortex

SEF

:   somatosensory evoked field

TSE

:   temporal spectral evolution.
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